Abstract Background Owing to recent advances in virtual reality (VR) technologies, effective user interaction with dynamic content in 3D scenes has become a research hotspot. Moving target selection is a basic interactive task in which the user performance research in tasks is significant to user interface design in VR. Different from the existing static target selection studies, the moving target selection in VR is affected by the change in target speed, angle and size, and lack of research on some key factors. Methods This study designs an experimental scenario in which the users play badminton under the condition of VR.
Introduction
Moving target selection is a basic task that selects the moving targets in a planar or a 3D space. In a kind of moving target selection task, the users need to place the pointer in the target space, without selecting the target, in a fixed time window. The user performance is greatly affected by the moving speed and the size of the moving target [1] . In a second kind, the users need to complete the target selection in a fixed time window that is not limited by the spatial location of the target. Choosing the target too early or too late can lead to failure [2] . Another moving target selection task requires spatial accuracy in addition to timing accuracy, rhythm, and consistency. Actual dynamic interaction tasks are more complex, and are often affected by many factors such as time, space, modality cues, and environment. Because of the universality of the task, moving target selection has been widely used in games, music, teaching, and other fields. We studied the moving target selection task in specific time and space areas.
There are two major categories used to increase the accuracy of selection in moving target selection [3] :
target enhancement [4] , and cursor enhancement [5, 6] . The ultimate goal is to improve interaction accuracy by increasing the optionality of space and time. According to the theory of cue perception fusion, multimodal cues have a great influence on user motion perception [7] . It is generally believed that the superposition of multimodal cues (such as vision, auditory, and haptic) that convey consistent information can enhance user perception accuracy and improve the performance. However, in a virtual reality (VR) environment, different modality cues have different expressive abilities to moving objects. The question arises whether user performance in multi-perception modality is better than that in the single perception modality. The comparison between the bimodal and the trimodal conditions also needs to be studied. It is of great significance to study the effect of complementary or redundant information of a different perceptual modality on the interaction efficiency.
Virtual reality scenes have some existing issues like diplopia, vertigo, and lack of perceptual cues, which are different from real scenes. Users typically have inefficient interaction due to the lack of some cues.
Traditional VR systems usually employ a combination of visual and auditory modality to improve the accuracy of target selection. With the popularity of data gloves, handheld mobile devices, and other tools, users have started studying haptic information to enrich interactive information, enhance user experience, and improve interaction efficiency [8] . Previously, researchers focused on the effects of different modalities on static 3D target selection. In this study, we examined the effects of different interaction modalities on user performance and subjective rating of 3D moving target selection in a VR environment.
The main contributions are as follows: first, obtaining a set of empirical data of multimodal conditions effecting the moving target selection in VR; second, analyzing the effects of modality combination, target speed, and target angle on user performance and subjective rating of the moving target selection; third, summarizing and obtaining the effects of a set of multimodal conditions on the moving target selection in a VR environment. Guidelines for the interface design are provided for future interaction design in this field.
Related work

Moving target selection
While tracking the trajectory of a moving target, moving target selection needs to plan the time of target selection, which requires high coordination ability of user motion-perception. Therefore, the level of perception and the motion ability will affect the completion time and the error rate of tasks [9] . Jagacinski et al. demonstrated that the target moving speed has a significant impact on the completion time of the target selection task. The faster the target moving speed, the more difficult it is to select a user, and the time consumed is longer [10] . Zhai et al. believe that the initial size of the target does not affect the target selection time, while the size of the target will affect the time required for the target selection when the user clicks on it [11] . Huang et al. have shown that the endpoint distribution for a 1D moving target selection is greatly influenced by the moving speed and width of the target, however, not by the initial distance between the pointing device and the target [12] . Lee et al. studied the selection of the moving targets in a fixed time window. The error rate of the selection is related to two factors: the length of the waiting time for the 304 304 moving targets, and the width of the time window in which the targets can be selected [2] . To explain the influence of visual factors on the selection results, and enhance the practical use of prediction results, Lee et al. further studied the influence of temporal structure (repeatability, rhythm, etc.) and visual perceptible clues (target moving speed, color, etc.) on the prediction accuracy based on the previous work [13] .
To reduce the impact of speed and size on the completion time and the error rate of the moving target selection in different scenarios, a variety of methods to increase its interaction efficiency are proposed, including reducing the distance from the target and increasing the size of the target. For example, Area
Cursor proposed by Kabbash et al. aims to increase the contact range between the cursor and the target and reduce the moving distance between them by increasing the area of the cursor [14] . Bubble Cursor invented by Grossman et al. makes the cursor contain only one selected target in the selected range through the adjacent attributes of the target, and improves the completion time of the user selection by dynamically changing the selection range of the cursor [15] . Hasan et al. added the selected area similar to the comet tail to the target according to the moving trajectory and the speed of the target. The size of the tail is related to the moving speed of the target, to increase the selected area of the target [16] .
Multimodal feedback
Multimodal human-computer interaction is an interdisciplinary field of computer vision, psychology, and many other areas. It is widely used in the field of human-computer interaction. In real scenes, users predominantly interact with the outside environment only according to the information obtained by visual cues, which increases the burden on the visual system and reduces the information acquisition ability of human haptic and auditory sensory systems [17, 18] . Users are affected by different perception modalities under different interaction conditions, and different information resources are obtained by using multi-perception modalities. For example, when the user judges the size, the shape, and the location, the results are more susceptible to visual cues when providing the user with visual-haptic modality cues [19] . However, for some application scenarios with weak visual modality cues, their judgment is more susceptible to the influence of haptic modality characteristics [20] . Choosing an appropriate multimodal feedback can increase the robustness of the system and reduce the error rate of interaction [21, 22] . Andy and Stephen studied the effects of multi-modality on the small target selection in GUI, including non-speech audio, tactile, and viscous pseudo-haptic feedbacks, and their combinations on static target acquisition tasks, to guide designers in choosing different modalities to increase the experience of target selection [23] .
3D target selection in VR as a basic task is a hot research topic with the development of the 3D user interface. The accuracy of data acquisition by tracking devices and the perception information provided by the modality feedback limit the actual interaction efficiency. Therefore, various methods are proposed to improve user performance and the subjective feelings of target selection. To reduce the limitation of tracking device accuracy, scholars have studied the relationship between gesture pointing motion and cognitive function [24, 25] , Schmidt presents a pointing-based probabilistic selection algorithm to reduce tracking uncertainty [26] . Alternatively, the lack of modality information or the difference between the modality information and the real-world cues will reduce user operation performance [27] . Visual cues are often used to prompt users when selecting targets in a VR environment, for example if the target is selected, the target color changes. Although this method reduces the redundancy of information, it does not improve user interaction performance, and may even reduce user selection efficiency [28] . Auditory and haptic modalities are often used as auxiliary perception modalities to increase the user's interaction efficiency and subjective experience. Menelas et al. assisted users to locate and select the targets occluded 305 in virtual environments with haptic or auditory cues [29] . Cabreir et al. studied the effects of multi-modal cues on the interaction efficiency of static target selection using mid-air gestures by elderly users [30] . Ariza et al. analyzed the effects of discrete and continuous cues of multimodal feedback on static target selection [31] . Faeth et al. added auditory, visual, and haptic feedbacks to virtual buttons, and studied the effects of different modalities and their combinations on the time and the error rates of virtual button tasks [32] . In the real world or the VR environment, although there are many research results on the influence of multi-modality on static target selection, few have studied the influence of modalities on the result of moving target selection. Mould et al. studied the influence of visual cues on the completion time and the error rate of target selection under different occlusion conditions in a 2D graphical user interface [33] . The target was occluded by other objects whose number and moving speed varied in many ways, including no visual feedback, visual feedback only for selected objects, and visual feedback for all objects. In this study, we focus on the 3D user interface in VR. We study the influence of visual modal cues on moving target selection, in addition to the influence of other modalities on user performance and subjective feelings, which can be used to guide the interactive design of the moving target selection in a virtual environment.
Experiment
Apparatus and users
This study uses the Unity3D engine to draw the experimental environment, Dell computer with Intel Core i5, HTC Vive head mounted display, and its accessories (headphones and handles).
Data were collected from 16 experimental users, 8 males, aged 21 to 24 years, with an average age of 22.6 years. All of them were right-handed, colorless, with normal or corrected visual acuity, healthy, without motor or cognitive impairment, and had no virtual device operation experience. They were all postgraduate students and not paid for their participation.
Design
Moving target selection has a wide range of applications in VR. This study describes a "badminton playing" scene by adding modality cues to the moving target; studies the effects of visual, auditory, haptic modalities, and their combinations on user selection results. We asked the pitcher to throw the shuttlecock at different angles and speeds to the player, with the speeds unchanged in the flight process, using different types of modality clues to indicate the location of the target. The player should quickly swing to hit the shuttlecock in the optional range, where there is only one choice opportunity in each trial. The shuttlecock will disappear after the user made the swinging action or the shuttlecock will have flown to the user's center position. If the user hits the target, there will be a "peng" auditory before the shuttlecock disappears.
The new shuttlecock will be sent out from the starting position after the shuttlecock disappears for 1 s. The shuttlecock can disappear in two conditions; one is the user hitting the shuttlecock in an optional area, and the other is the shuttlecock reaching the user's center position.
The starting position of the shuttlecock and the user's center position are 1.5m high. The horizontal distance between the shuttlecock and the user is 6m. The optional window is a semi-spherical area with the user as the center, 1.5m high with 1 m radius. There are seven modality clues blocks, five speeds, and four angles in each block. When the user hits the shuttlecock, the hitting sound "peng" occurs.
Task
Participants performed seven modality blocks of 20 trials each; the trials are the combination of five speeds and four angles, resulting in 140 trials per participant (7 blocks × 20 trials). The order of the blocks and the trials in each block were selected at random each time. We assessed three response variables: the hit rate during the task, the hit distance when the shuttlecock disappeared in each trial, and the user's subjective rating of each modalities feedback. At the end of each modality block experiment, the user was asked "the impact of this cue on hitting the shuttlecock," and the 7-point Likert scale was used to make the user's subjective score osn seven different modalities. The greater the impact, the higher the score was. Figure 3 is the experimental environment of the user hitting the shuttlecock under a certain modality cue condition. The visual cue of a user hitting the shuttlecock under the VR head mounted display condition is shown in Figure   2 . There is no specific picture of tactile cue and auditory cue.
Analysis
This section reports the 2240 results collected from seven different modality blocks containing different angles and speeds. Sixteen participants performed 20 trials for each block. The results contain the hit rate and the hit distance. Hit rate refers to whether the user hits the shuttlecock target when swinging the racket, and is expressed by the average hitting times. The higher the hitting rate, the better the interaction efficiency. Hitting distance refers to the distance between the location of the target and the center of the selection window when hitting the shuttlecock. The longer the hitting distance, the higher the efficiency of interactive tasks under different speed conditions, angles, and modality cues. Logistic regression is used to analyze the hit rate, and the hitting distance is analyzed by one-way repeated measures in ANOVA. Figure 4 shows the hit rate results at five speeds. The hit rate is from 0.72 (speed 2m/s) to 0.64 (speed 6m/ s), which decreases with the increase in speed. Logistic regression showed that the speed of the target had a significant effect on the hit rate at a significant level of 0.05 (p =0.023). showed that the seven modality clues had a significant effect on the hit rate at a significant level of 0.05 (p<0.001).
Speed
Angle
Multimodal cues
After adding the visual cues based on the auditory cues, the haptic cues, and the auditory + the haptic cues, the hit rate increased significantly (p<0.001). After adding the auditory cues based on the visual cues, the hit rate increased significantly (p=0.024). After adding the haptic cues based on the visual cues, the hit rate increased significantly (p= 0.001). Adding both the auditory and the haptic cues simultaneously based on the visual cues, the hit rate increased significantly (p=0.033).
After adding the auditory cues to the combination of the visual and the haptic cues, the hit rate did not change significantly (p=0.183). After adding the haptic cues to the combination of the visual and the auditory cues, the hit rate did not change significantly (p=0.900). Based on the visual cues, the hitting distance increased significantly by adding the auditory cues (p= 0.018); the haptic cues or the auditory + the haptic cues increased significantly (p<0.001). There was no significant difference in the hitting distance while using the haptic cues and the auditory cues (p>0.05).
Adding the auditory cues on the basis of the haptic cues significantly reduced the hitting distance (p< 0.001); adding the visual cues had no significant difference (p=0.058); the hitting distance increased significantly by adding the visual cues compared with adding the auditory cues, (p<0.001); adding the visual + the auditory cues significantly increased the hitting distance (p<0.001).
When the visual cues or the visual + the haptic cues were added on the basis of the auditory cues, the hitting distance increased significantly (p<0.05); when the haptic cues were added on the basis of the auditory cues, the hitting distance did not change significantly (p>0.05); adding the visual cues on the basis of the auditory cues, compared with adding the haptic cues, the hitting distance increased significantly (p< 0.001).
Adding the haptic cues on the basis of the visual cues + the auditory cues, the hitting distance increased significantly (p=0.017); adding the auditory cues on the basis of the visual + the haptic cues, the hitting distance did not change significantly (p>0.05); adding the visual cues on the basis of the auditory + the haptic cues, the hitting distance increased significantly (p<0.001). Figure 10 shows the subjective rating of different modality cues. Among different modality cues, the score ranged from 1.4(H) to 6.81(VAH). The order of the mean score from big to small is VAH>VH>VA>H>V> AH>A, SD is VA>V>AH>VH>VAH=A>H. VAH has the highest mean score, reaching 6.81, followed by VA and VH with a mean score 5.6 and 5.1, respectively. Visual modality has a score of 4.4. Above numerical results, show that users prefer the visual-related modality cues and adding additional modality cues based on vision modality will increase the subjective experience of the users. The users can receive more accurate location information and thus hit the target quickly. The lowest score is for the haptic cues, 1.4, followed by the auditory mode, with a score of 1.8. Users are full of uncertainties about the auditory or the tactile modality cues, which affects users' subjective sense. The lowest standard deviation is for the haptic cues, followed by the auditory and the VAH modality cues, that is, the user's most favorite modality cues are the VAH and the least favorite are the haptic modality cues. The auditory score have a small difference from the haptic modality score. In conclusion, except for the AH score of 3.2, users generally think that the trimodal conditions are better than the bimodal conditions, and the bimodal conditions are better than the single modality.
Subject rating
Discussion
Ignoring the influence of different modality cues, velocities, and angles, the average hit rate was 0.683, among which the changes of the modality cues (p<0.001), velocities (p=0.023) and angles (p<0.001) had significant effects on the hit rate. Ignoring the influence of different modality cues, velocities, and angles, the average hitting distance was 0.60 m, the changes in the modality cues (F(6, 0.688)=28.524, p<0.001) and the velocities (F(4, 0.403) =15.650, p<0.001) had significant effects on the hitting distance, while the changes in the angles (F(3,0.044)=1.660, p=0.174) had no significant effects on the hitting distance.
Effect of speed on"hitting the shuttlecock"task
The analysis results showed that the speed of the shuttlecock has a significant impact on the hit rate and hit distance. The hit rate decreases with increasing speed; the hitting distance increases first, and then decreases, with the increase in speed, indicating that slower the shuttlecock, the better the task effect.
When the speed is too slow, the hitting distance will also decrease, that is, the hitting target effect will be worse. 
Effect of angle on "hitting the shuttlecock" task
The results showed that the angle of the shuttlecock has a significant effect on the hit rate, however has little effect on the hit distance. With the increasing of the starting angle position of the shuttlecock, the hitting rate decreases significantly, while the hitting distance does not change significantly. The hitting rate results indicate that bigger the angle, the more difficult it is for the users to determine the moving distance, which affects the accuracy of hitting the target. The change in the starting angle position affects the accuracy of hitting the shuttlecock, however it does not affect the reaction time.
Effect of modality cues type on the hit rate
The results showed that the type of modality cue has a significant impact on the hit rate. Bimodal conditions VH and VA have a superior hit rate compared with the other modality conditions (trimodal condition, single modality). However, there was no significant difference between the VAH and the bimodal conditions containing the visual cues in the experiment. Adding another cue based on the bimodal conditions combining the visual cues would not significantly improve the hit rate. VH or VA can improve the hit rate compared with a single visual modality. In general, the hitting rate associated with the visual modality cues is relatively high because it is more definite, therefore the visual modality hitting rate is higher than the auditory, the tactile and the AH. Adding auditory or haptic cues based on the visual cues will have a higher hitting rate as it provides additional sensory information. Adding auditory and haptic modality simultaneously has no significant impact on the hit rate compared with the addition of a single modality because it increases the user's cognitive load and then affects the user's judgment results, thereby reducing the hit accuracy. In the real world, users rarely select targets through auditory and haptic modality cues; hence, the hit rate is relatively low compared with visual cues.
Effect of modality cues type on hit distance
The results showed that the type of modality cues has a significant effect on the distance of hitting.
Comparison with single modality
Auditory cues significantly reduce the hitting distance compared with the visual or the haptic modality cues, that is, the hitting reaction time is longer. There was no significant difference between the visual and the haptic cues in this experiment. Therefore, visual cues and tactile cues can obtain larger hitting distance in single modality cues.
Comparison with bimodal conditions
There is no significant difference when compared with the bimodal conditions, VH and VA, by adding the tactile or the auditory modality cues on the basis of the visual cues; adding visual cues on the basis of the haptic cues, VH, has more distance than adding the auditory cues AH; adding visual cues on the basis of the auditory cues VA has more distance than adding haptic cues AH. The bimodal conditions, VA and VH, have larger hitting distance, which is significantly different from the AH.
Two cases of comparison with the bimodal condition and the single modality
In the first case, the single modality is included in the bimodal conditions. VA gets a larger hitting distance than the single modality cues V or A; VH gets a larger hitting distance than the single visual cues V, however there is no significant difference when compared with the single haptic cues H; AH has no 311 significant difference compared with the single auditory cues A. The hitting distance decreases when compared with the single tactile cue and the hitting reaction time becomes longer. That is, VA, VH, and H have larger hitting distances.
In the second case, the single modality is not included in the bimodal conditions. AH has a smaller hitting distance compared with the single visual cues V; VH has a larger hitting distance compared with the single auditory cues A, and VA has no significant difference from the single haptic modality cues H. That is, V and VH have larger batting distances.
Therefore, in the comparison of single modality and bimodal conditions, VH, VA, and H have larger hitting distances.
Comparison between the trimodal conditions and the single modality
Trimodal conditions have larger hitting distance compared to the single modality cues.
Comparison between the trimodal conditions and the bimodal conditions
Trimodal conditions can obtain larger hitting distances compared with VA or AH; however, it has no significant impact on the hitting distance compared with the VH. Comparing the two, VAH and VH have larger hitting distances.
In conclusion, except for AH, more the modality cues, larger are the hitting distance. Effect of the trimodal conditions on the hitting distance is greater than the bimodal conditions, which is in turn greater than the single modality conditions. Visual modality cues were not significantly different from the haptic modality cues as they all have a larger hitting distance. It may be because, as the user shakes the handle, the vibration increases the user's sensory experience, and thus shortens the user's reaction time.
Subjective
Subjective scale results showed that the users believe that what you see is true, so the visual-related modal scores are relatively higher. In addition, the users generally believe that the more the modality cues, the more assistant information for the hitting position will be provided, thus improving the accuracy of hitting.
Therefore, the trimodal condition score is the highest, while the bimodal conditions VA and VH were slightly lower. Besides observing the world with the eyes, users also communicate and locate the surrounding environment with sounds, however, rarely with the vibrations. Therefore, the users are more familiar with the method of sound location compared with the haptic modality. Therefore, they have a higher degree of trust in auditory modality than haptic modality, thus the scores associated with the haptic modality are lower than other modality conditions, e. g., the scores of VA are higher than those of VH, auditory modality are higher than haptic modality. The subjective scores have two characteristics, one is that the familiarity modality will enhance the users' subjective perception, with familiarity ranked as visual modality > auditory modality > tactile modality. The other is that the users generally believed that multimodal cues would increase the amount of information, except for AH which has lesser daily contact. It was generally believed that the impact on the interaction efficiency compliance with the case that trimodal conditions > bimodal conditions > single modality.
Conclusion
The data analysis results showed that faster the shuttlecock flies, the lower the hit rate, and if the shuttlecock is too fast or too slow, it will affect the user's judgment time and reduce the hit distance.
Moreover, the bigger the angle, the lower the hit rate. That is to say, when a small shuttlecock flies into a larger bending degree, it is not easy for the user to hit the target, and the hit distance is not affected by the angle. Multi-modal conditions can provide more information compared with the single modality interaction, reduce the time to complete the tasks, and affect the hitting rate. The results showed that the hitting rate of the moving target selection related to the visual modality is relatively high, and the hitting rate of the VH and the VA are the highest, however there is no significant difference between them and the VAH.
The impact of other modalities on the hitting distance is similar to the user's subjective feeling except for the AH, which conforms to trimodal conditions>bimodal conditions>single modality conditions. Although the user's unfamiliarity with the haptic modality affects the subjective interactive feeling, the direct vibration of the handle stimulates the user's sensory senses, which makes the user to respond quickly to the batting, so that it has a larger hit distance. Although the multimodal conditions increase the information and enhance the subjective feelings, they also make the users have the illusion of judgment, increase the cognitive load, and then do not improve the accuracy of interaction. It is not that more the modality conditions, higher the user's performance.
In practical applications, the modality conditions V + A or V + H can be selected according to the environment to enhance the interaction efficiency of users' choice of moving target selection in VR, and guide the multi-modal interface in a virtual environment. In the future, 3D audio headphones can be selected to enhance the spatial sense of auditory modality. The appropriate haptic feedback device providing different intensity levels can be selected or manufactured according to the task. In the research of moving target selection, we chose the appropriate modality conditions to increase the interaction efficiency. At the same time, we studied the influence of intensity levels and modality changes on the user interaction efficiency and subjective feelings.
